In pancreatic β cells, mitochondrial metabolism translates glucose sensing into signals regulating insulin secretion. Chronic exposure of β cells to excessive nutrients, namely, glucolipotoxicity, impairs β-cell function. This is associated with elevated ROS production from overstimulated mitochondria. Mitochondria are not only the major source of cellular ROS, they are also the primary target of ROS attacks. The mitochondrial uncoupling protein UCP2, even though its uncoupling properties are debated, has been associated with protective functions against ROS toxicity. Hormesis, an adaptive response to cellular stresses, might contribute to the protection against β-cell death, possibly limiting the development of type 2 diabetes. Mitochondrial hormesis, or mitohormesis, is a defense mechanism observed in ROS-induced stress-responses by mitochondria. In β cells, mitochondrial damages induced by sublethal exogenous H 2 O 2 can induce secondary repair and defense mechanisms. In this context, UCP2 is a marker of mitohormesis, being upregulated following stress conditions. When overexpressed in nonstressed naïve cells, UCP2 confers resistance to oxidative stress. Whether treatment with mitohormetic inducers is sufficient to restore or ameliorate secretory function of β cells remains to be determined.
Introduction
Type 2 diabetes (T2D) is characterized by insufficient insulin release from pancreatic β cells that should compensate for peripheral insulin resistance [1] . Pancreatic β cell dysfunction and, eventually, death are considered to occur in response to metabolic stresses, which trigger mitochondrial oxidative damages, consequently interfering with glucose metabolism responsible for induction of insulin exocytosis. Accordingly, β cell should be equipped with efficient defense and adaptive mechanisms against chronic over stimulation of mitochondria, counteracting the adverse effects of oxidative stress. Emerging evidence indicate a hormetic nature of mitochondrial defensive response, that is, a cellular defense adaptation promoted by ROS-triggered signaling. Here, we discuss the putative mitohormetic role of mitochondrial uncoupling protein 2 (UCP2) in β cells and protection from mitochondrial oxidative damages.
Mitochondrial Metabolism, Glucose Sensing, and the Secretory Response
Pancreatic β cells function as glucose sensors to adjust insulin secretion to blood glucose levels, thereby maintaining glucose homeostasis. Translating nutrient signals into regulated insulin exocytosis relies on optimally tuned mitochondrial function [4] . Although glucose is the chief secretagogue for the β cell, metabolic profile of mitochondria is modulated by the relative contribution of glucose and lipid products for oxidative catabolism [5] . In the mitochondrion, substrates derived from glucose and fatty acids are oxidized and converted to ATP by the mitochondrial electron transport chain located in the inner mitochondrial membrane. Synthesized ATP is subsequently translocated to the cytosol, triggering insulin exocytosis thanks to calcium elevation secondary to ATP-mediated plasma membrane depolarization [6] . One byproduct of mitochondrial electron transportation is the generation of reactive oxygen species (ROS) [5] .
Impact of Mitochondrial ROS on β Cell Function
Physiological levels of glucose and fatty acids are essential to normal β cell function. However, continuous overstimulation of β cells by these nutrients may be deleterious to β cell function, a phenomenon referred to as glucolipotoxicity. Accordingly, pancreatic β cells chronically exposed to hyperglycemic and hyperlipidemic conditions steadily undergo deterioration and ultimately failure of insulin secreting capacity [7] . This loss of β cell function has been attributed to a variety of mechanisms, most of which having in common the formation of ROS [8] [9] [10] . Elevated ROS affect the function and survival of β cells through a direct oxidation of cellular macromolecules [11, 12] and activation of cellular stress-sensitive signaling pathway [13] . Glucose infusion in rats for 48 h to achieve chronic hyperglycaemia increases mitochondrial islet superoxide and reduces glucose-stimulated insulin secretion [14] . However, it should be noticed that physiological glucose stimulation prevents formation and accumulation of ROS [15, 16] . Increasing glucose usage by pharmacological activation of glucokinase reduces ROS toxicity in insulin-secreting cells [17] .
Mitochondria Generate ROS
ROS refer to a diverse range of species, such as superoxide (O 2 •− ), hydrogen peroxide (H 2 O 2 ), and hydroxyl radical. The biological consequences of ROS rely on the specific species being involved and the physiological or pathological context. Superoxide can be converted to less reactive H 2 O 2 by superoxide dismutase (SOD) and then to O 2 and H 2 O by catalase, glutathione peroxidase (GPX), and peroxiredoxin, which constitute antioxidant defenses [18] .
Mitochondrial electron transport chain is a potent producer of O 2
•− within cell. Electrons from sugar, fatty acids, and amino acid catabolism accumulate in the electron carriers of the respiratory chain. O 2
•− formation is coupled to this electron transportation as a byproduct of normal mitochondrial respiration through one electron reduction of molecular O 2
•− . Complexes I and III of the respiratory chain are the major sites for O 2 •− generation [19] . In complex I, electrons carried by NADH are accepted by flavin mononucleotide (FMN) and transferred to mobile electron carrier Coenzyme Q (CoQ), with O 2
•− formation at FMN. This formation of O 2
•− requires FMN in a fully reduced form, which is determined by the NADH/NAD + ratio [20] . Accumulation of NADH and enhanced ROS formation are favored by slowdown of mitochondrial respiration caused by complex I inhibition (e.g., rotenone effect), secondary to damages of respiratory chain, or because of low cellular ATP demand [21, 22] .
Reverse electron transport (RET) from complex II to complex I also generates large amounts of O 2
•− . Under conditions of substantial proton motive force, RET occurs when electron supply induces CoQ reduction driving electrons back to complex I, thereby reducing NAD + to NADH at the FMN site [23] . Succinate and fatty acid oxidation promote high proton motive force along with electron supply to CoQ, giving rise to O 2
•− formation under RET. Generation of O 2
•− by complex I, in particular through RET, is very sensitive to mitochondrial uncoupling because of the required proton motive force [24] . When inhibited by antimycin, complex III can produce significant amounts of O 2 •− , although its production under physiological conditions is only marginal compared to that of complex I [22] .
Mitochondrial ROS, Friends or Foes?
ROS impact differently on cell function depending on specific reactive oxygen species, their concentrations, and effectiveness of detoxifying systems; thereby, defining signaling or toxic effects of ROS [25] . In insulin-secreting cells, low concentrations of H 2 O 2 have been reported to contribute to the stimulation of insulin secretion [26] . However, exposure to robust concentrations of H 2 O 2 impairs β cell function [27] . When β cells are continuously overstimulated by nutrients, accumulation of ROS can overwhelm detoxification systems and induce deleterious effects [8] . This is particularly relevant for pancreatic islets because of the shifted redox balance favored by high metabolic rate, in particular under glucolipotoxic conditions, and relatively weak detoxifying systems [28] . Being a major source of ROS, mitochondria are in the eye of the storm. Specifically, H 2 O 2 exposure to insulin-secreting cells inactivates mitochondria, thereby interrupting mitochondrial signals normally linking glucose metabolism to insulin exocytosis [27] . One single oxidative stress applied for just 10 minutes induces β cell dysfunction lasting over days, explained by persistent damages in mitochondrial components and accompanied by subsequent generation of endogenous ROS of mitochondrial origin [29] . In the close vicinity of free radical production, mitochondrial inner membrane components are particularly prone to oxidative injuries, such as subunits of electron transport chain complexes and the adenine nucleotide translocase (ANT) [29, 30] . Moreover, some iron-sulfur centers of mitochondrial matrix proteins, among them aconitase, are susceptible to damages induced by direct reaction with O 2
•− [31] or nitric oxide [32] , leading to impaired mitochondria and β cell dysfunction.
Because of relatively low antioxidant-enzyme activities in pancreatic islets, enhancing expression of corresponding genes in insulin-secreting cells has been foreseen as potential protective intervention. However, contradictory findings were reported in studies testing this promising approach. The concept is favored by some studies, among them: (i) β cellspecific overexpression of cytosolic SOD (SOD1) enhances mouse resistance to alloxan-induced diabetogenesis [33] ; (ii) adenovirus-mediated overexpression of mitochondrial SOD (SOD2) in isolated islets extends islet function following transplantation into streptozotocin (STZ)-treated nonobese diabetic (NOD) mice [34] ; (iii) β cell-specific overexpression of SOD2 and catalase protects islets from STZ-induced oxidative stress [35] ; (iv) β cell-specific overexpression of glutathione peroxidase in db/db mice improves β cell volume and granulation [36] . Tempering these promising results, overexpression of antioxidant enzymes, such as catalase and metallothionein, specifically in β cells of NOD mice increases β cell death and sensitizes islets to cytokine-induced injuries [37] . The latter results suggest that a mild dominance of host ROS over detoxifying systems might exhibit beneficial effects.
Mitochondrial Protection against ROS: Role of UCP2
Mitochondrial uncoupling refers to the dissociation of electron-dependent oxygen consumption to ATP generation on the respiratory chain. The most efficient way to induce mitochondrial uncoupling is to allow protons to circulate freely across the inner mitochondrial membrane, in other words to create a proton leak. In this regard, UCP1 is a professional mitochondrial uncoupler by inducing proton leakage. As a result, the energy contributed by electron flow is dissipated as heat instead of ATP generation. UCP1 expression in brown adipose tissue confers to these fat depots highly thermogenic properties [38] . UCP2 was named after its loose homology (59%) with UCP1 and exhibits heterogeneous tissue expression, including in pancreatic islets [39] . Similarly to UCP1, UCP2 was proposed to induce proton leakage and to dissipate proton motive force [40] , consequently limiting ATP production and glucosestimulated insulin secretion in pancreatic β cells [41, 42] . Due to tight dependency of complex I on proton motive force for ROS formation, putative uncoupling effects of UCP2 were suggested to compromise mitochondrial ROS generation and associated cell damages [43, 44] . In insulinsecreting cells, a series of in vitro studies have shown that increasing UCP2 expression attenuates ATP synthesis and insulin secretion in response to glucose [41, 42, 45, 46] . Conversely, UCP2 deficiency enhances glucose-stimulated insulin secretion, as shown in islets isolated from both global [47, 48] and β cell-specific [49] UCP2 knockout mice. In diet-induced T2D mouse model, the lack of UCP2 improves blood glucose levels and insulin secretory capacity [47] . Chronic exposure of INS-1 β cells to fatty acid decreases the secretory response to glucose, along with UCP2 gene induction and partial mitochondrial uncoupling [50] .
Over the last decade, UCP2 effects in β cells have been tightly correlated with its presumed uncoupling properties and consequences on ATP synthesis from oxidative phosphorylation [41, 42, [45] [46] [47] [48] . However, in β cell-specific UCP2-null mice, the potentiated glucose-stimulated insulin secretion correlates with higher intracellular ROS levels, without any changes on mitochondrial coupling and ATP generation [49] . Moreover, pancreatic islets form global UCP2 knockout mice studied on three congenic backgrounds, as opposed to mixed genetic background [48] , exhibit impaired glucose response accompanied by increased ROS production and persistent oxidative stress [51] . Finally, cytokine-induced ROS production is reduced in insulin-secreting cells overexpressing UCP2, independently of uncoupling effects [3] . Collectively, these observations are contradictory regarding putative uncoupling properties of UCP2 and its effects on the secretory function of β cells. Instead, they suggest a role in defense mechanisms against oxidative stress [52] , as shown by induction of UCP2 that prevents cytokine-induced β cell death through suppression of ROS production [3, 53] .
Because UCP2 might play a protective role against ROS, one can hypothesize cooperation and feedback mechanisms with dedicated antioxidant enzymes. In β cells overexpressing UCP2, the associated sheltering effect against oxidative injuries is not associated with changes in antioxidant enzymes (personal communication from Françoise Assimacopoulos-Jeannet, University of Geneva). Ablation of UCP2 in β cells favors both ROS formation and induction of H 2 O 2 -scavenging GPX, but not of superoxide scavenger SODs [49] . In islets lacking SOD1 or GPX1, UCP2 is upregulated as a protective response against excessive cellular ROS [54] . Conversely, UCP2 is downregulated upon induction of GPX1 in mouse islets [55] . Collectively, these data indicate crosstalk between UCP2 and antioxidant enzymes through unidentified mechanisms.
Hormesis, a Stress-Induced Protective Response
Theophrastus Bombastus von Hohenheim, a Swiss pharmacist born in 1493 also named Paracelsus, developed this revolutionary idea at the Renaissance period: "Alle Ding' sind Gift, und nichts ohn' Gift; allein die Dosis macht, daß ein Ding kein Gift ist" freely translated to "the dose makes the poison." Five centuries later, this notion has been extended to the so-called hormesis. Hormesis is a phenomenon whereby exposure of cells or organs to low levels of a given toxin confers resistance to subsequent contacts to higher concentrations [56] . Accordingly, hormesis describes an adaptive response to continuous cellular stresses. Hormesis is well illustrated by ischemic preconditioning, a situation where short ischemic episodes protect brain and heart from prolonged lack of oxygen and nutrients [57, 58] . Regarding pancreatic β cells, emerging concepts suggest that efficiency of hormetic responses to detrimental lifestyle factors might set the level of protection, impacting on the progression of T2D [59] .
Adaptation and Hormesis in β cells
Obesity is a strong risk factor for T2D, appearing in subjects developing β cell dysfunction and death in response to metabolic and inflammatory stresses [60, 61] . However, about half of obese individuals do not develop diabetes, due to efficient long-term adaptation to insulin resistance by increasing β cell mass and insulin secretion. In these resistant individuals, β cells may develop adaptive stress responses to prevent their loss, at least transiently. Peroxisome proliferator-activated receptor alpha (PPARα) is a transcription factor controlling lipid and glucose homeostasis. PPARα-deficient mice on an obese (ob/ob) background develop β cell dysfunction characterized by reduced islet area and glucose response [62] . Human islets treated with PPARα agonist are protected against fatty acid-induced impairment of glucose-induced insulin secretion and apoptosis [62] . This indicates that PPARα could be an adaptive candidate in β cells under pathological conditions, such as lipid-induced dysfunction [63] . Converging evidence suggest that stresses can induce specific responses rendering β cells more resistant to the stress-molecule, or even to other toxins. Pre-exposure to low dose IL-1β renders β cells less susceptible to toxin-induced cell necrosis and to radical-induced damages, though with a loss of normal phenotype [64] . Moreover, islets from pancreatectomized hyperglycemic rats exhibit reduced sensitivity to STZ, an effect associated with induction of protective antioxidant and antiapoptotic genes during chronic hyperglycemia [65] . Finally, islets from GK/Par rat (non-obese model of T2D) also show strong resistance to toxic effects of exogenous ROS, secondary to an adaptive response to the diabetic milieu [66] . Thus, β cells possess hormetic mechanisms in response to inflammatory and metabolic stresses. Stressors are not merely toxic; they can also prime the stressed cell to future pathogenic challenges by rendering them more resistant. free radical theory of aging [69] , protective effects depend on mitochondrial ROS formation inducing an adaptive response, in turn conferring increased stress-resistance. This might ultimately give rise to long-term cell preservation.
Mitochondrial Adaptation and Hormesis, or Mitohormesis, in β Cells
In agreement with this model, calorie restriction extend life span in different organisms by increasing mitochondrial ROS production [70] . In pancreatic β cells, mitohormetic response is suggested by adaptation to dietary fat-induced insulin resistance attributed to increased mitochondrial function [71] , an effect correlating with elevated ROS levels secondary to fatty acid treatment of insulin-secreting cells [10] . The nature of mitohormesis in insulin-secreting cells can be studied when cells recover from a single transient exposure to sublethal H 2 O 2 . We previously reported that INS-1E β cells and rat islets subjected to a 10 min H 2 O 2 exposure exhibit impaired secretory response associated with interrupted mitochondrial signals measured right after stress [27] . Loss of mitochondrial function occurs within the first minutes of oxidative stress [27] , as revealed by collapse of mitochondrial membrane potential (Figure 1(a) ). Monitored concomitantly on the same cells, gradual discontinuous mitochondrial network is observed, eventually exhibiting some globular patterns 60 min after stress (Figure 1(b) ). These phenomena were not observed in control nonstressed cells (Figures 1(c) and 1(d) ). Then, the question is whether such oxidative stress results in prolonged mitochondrial damages, recovery of cell function, or improved resistance to stress. After a 3-day recovery period following the 10 min stress, we observed increased mitochondrial H 2 O 2 formation and persistence of mitochondrial dysfunction altering metabolism-secretion coupling [29] . The ROS-induced endogenous H 2 O 2 generation contributes to prolongation of oxidative attacks days after exposure to exogenous H 2 O 2 . This is accompanied by increased expression of genes participating to recovery of mitochondrial function, detoxification, and cell survival; such as subunits of mitochondrial electron transport chain complexes and antioxidant enzymes [29] . Mitochondrial defects induced by acute 10 min oxidant exposure are carried on to daughter cells. These cells ultimately achieve gradual turnover of mitochondrial components enabling recovery of their function in the following weeks of culture period [29] . Three weeks after transient oxidant exposure, those insulin-secreting cells respond normally to physiological stimuli. Remarkably, the recovered cells are more resistant than naïve cells to a new exogenous oxidative stress. This beneficial "memory" of mitochondrial oxidative injury represents mitohormetic property and is associated with a higher UCP2 gene expression 3 weeks poststress [29] , suggesting a protective role for UCP2.
Does UCP2 Participate to Mitohormesis in β cell?
As described above, some studies have highlighted UCP2 as a protective element under stress conditions [3, 29, 49, 52] , possibly implicated in β cell mitohormetic response. To address this question, INS-1 β cells with doxycyclineinducible overexpression of human UCP2 [3] were challenged with an oxidative stress by exposure to 200 μM H 2 O 2 for 10 min as described [27, 29] . Consistent with previous report [3] , increased expression of UCP2 (Figure 2(a) ) did not alter mitochondrial coupling (Figures 2(b) and 2(c)). Indeed, INS-1 cells with induced UCP2 overexpression exhibited similar respiration upon glucose stimulation compared to non induced cells (Figure 2(c) ). Moreover, state 3 respiration measured on isolated mitochondria stimulated with succinate plus ADP was even slightly higher versus controls (Figure 2(b) ). INS-1E cells with basal UCP2 expression are highly sensitive to oxidative stress regarding mitochondrial respiration, exhibiting marked reduction of state 3 (−59% versus control nonstressed cells) 3 days after oxidative stress [29] . On the contrary, cells overexpressing UCP2 did not show any impairment of oxygen consumption at day 3 after stress, as shown both on isolated mitochondria and intact cells (Figures 2(b) and 2(c), resp.). Acute oxidant exposure did not further elevate UCP2 protein levels 3 days after stress in UCP2-induced cells (Figure 2(a) ). Collectively, these observations support the concept that UCP2 upregulation observed previously as a mitohormetic response [29] can serve as defense mechanism against mitochondrial oxidative damages (Figure 2 ).
Conclusions
In pancreatic β cells, stress-response hormesis can develop under different metabolic insults, such as lipotoxicity, cytokines, or ROS. In particular, oxidative stress induces mitohormesis, rendering mitochondria more resistant to oxidative attacks. Various studies in this field reported conflicting results. However, converging evidence points to UCP2 as a marker of mitohormesis, this protein being upregulated following stress conditions. Moreover, overexpression of UCP2 in naïve cells lacking hormesis adaptation is sufficient to confer resistance to oxidative stress ( Figure 2 ). The exact function of UCP2 is still unknown, although its partial homology with uncoupling UCP1 protein suggests a functional link with the electron transport chain. Whether treatment with UCP2 inducers, such as glutamine [72] , could promote mitohormesis and protect β cells under metabolic stress remains to be determined. 
